Hidden library: visualizing fragments of medieval manuscripts in early-modern bookbindings with mobile macro-XRF scanner by Jorien R. Duivenvoorden et al.
Duivenvoorden et al. Herit Sci  (2017) 5:6 
DOI 10.1186/s40494-017-0117-6
RESEARCH ARTICLE
Hidden library: visualizing fragments 
of medieval manuscripts in early-modern 
bookbindings with mobile macro-XRF scanner
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Abstract 
This experiment demonstrates the large potential of macro-XRF imaging for the visualization of fragments of medi-
eval manuscripts hidden in early–modern bookbindings. The invention of the printing press in the fifteenth century 
made manuscripts obsolete and bookbinders started recycling their strong parchment leaves to reinforce bindings 
of printed books. One in roughly every five early-modern books contains a fragment of a medieval manuscript hid-
den underneath the bookbinding. Systematically investigating these fragments will provide scholars with valuable 
information about transmission and variant readings of medieval texts. Four case studies were scanned with a Bruker 
M6 Jetstream mobile XRF scanner. We were able to visualize hidden texts underneath black paint, paper and parch-
ment at such a high resolution that they could be read and dated. One of the findings was an early twelfth-century 
excerpt of a text by the Venerable Bede in a sixteenth-century bookbinding. In addition, we were able to separately 
visualize the lower and upper text of a famous palimpsest. The main limitation of the current set-up is the scanning 
time, which took anywhere between 6 and 66 h. In order to systematically employ macro-XRF for researching medi-
eval fragments, the scanning time needs to be decreased. Nonetheless, this experiment shows that the macro-XRF 
technique is extremely suitable for visualizing fragments of medieval manuscripts in a non-destructive way in order to 
read, date and localize them.
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Background
The invention of the printing press in c. 1450 made the 
handwritten medieval book—or “manuscript”—obso-
lete. As Europe started to read the printed counterparts, 
handwritten books lost their value and many of them 
were destroyed. Over the course of the sixteenth and 
seventeenth century, many thousands were boiled down 
for the production of glue. Equally many died a different 
death: their pages were cut out and recycled by bookbind-
ers. These so-called “fragments” were usually cut from 
parchment books [1]. This material was strong and thus 
ideal for supporting the bookbinding of printed books. 
As a result, at present there are thousands of manuscript 
pages hidden in post-medieval bookbindings. In this arti-
cle we present a non-destructive scanning technique to 
uncover this hidden library.
We estimate that one in every five early-modern books 
has fragments of medieval manuscripts in its bookbind-
ing. Investigating fragments in a systematic way will allow 
scholars to explore a new type of research. There are 
three important reasons why this research matters. First 
of all, this vast amount of fragments contains valuable 
information about transmission of medieval texts. The 
fragment itself may only consist of a few words or lines 
of text, but it does tell us that this work was known in a 
certain region at a certain time. Secondly, it will provide 
scholars with more information about variant readings. 
Handwritten manuscripts were manually copied and that 
frequently caused changes in the text, which is why two 
copies of one text are almost never the same. A fragment 
could in principle contain a new variant reading, which 
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is interesting for researchers of medieval texts, who can 
divide the readings into families—a field of study that is 
called stemmatology. Finally, a question that book histo-
rians would like to address is which types of manuscripts 
were cut up and recycled by bookbinders. Was it always 
the same kind of manuscript or did bookbinders use any-
thing they could get their hands on? A study of fragments 
in a quantified manner could provide an answer to these 
kinds of questions.
Macro X-ray fluorescence scanning (MA-XRF) is a fre-
quently employed technique to visualize underlying paint-
ings in painted works of art [2, 3]. It is a non-destructive 
technique that combines elemental analysis with spatial 
information, resulting in macro-scale elemental distribu-
tion maps. Even though MA-XRF has proved to be very 
valuable for (technical) art historians and art conserva-
tors, its possibilities have not been explored yet in the 
field of book history [4, 5]. We propose MA-XRF as an 
excellent technique to investigate hidden fragments in 
bookbindings, because of the following reasons. First of 
all, point analysis with micro-XRF has been successfully 
used for trace analysis in iron gall ink [6]. Iron gall ink is 
the most commonly used ink in the Middle Ages for the 
production of manuscripts. It consists mainly of iron and 
contains traces of elements such as copper, zinc, calcium 
and manganese [7–9]. Furthermore, the material that cov-
ers the fragments is parchment, made from animal skin, 
or paper, made from dried cellulose pulp. Organic mate-
rials such as parchment and paper are not detected by 
means of XRF. Finally, the spatial information obtained 
with a scanning technique such as MA-XRF is crucial for 
the purpose of reading and dating the medieval texts.
To illustrate the potential of MA-XRF for visualizing 
hidden medieval fragments we present four case stud-
ies from the Leiden University Libraries (Fig.  1). These 
case studies were chosen based on their suitability for 
scanning and to show the different types of hidden texts. 
The first case study (cataloged as 635 G 5 in the Leiden 
University Libraries) is a copy of Marcus Fritsch’s Mete-
ororum printed by Johannes Montanus and Ulrich Neu-
ber in the year 1555, the full binding of which is covered 
with black paint. A closer look reveals parts of script, 
only visible to a limited extent and not legible. The sec-
ond case study (603 G 11) is a copy of Catechismus ex 
decreto concilii tridentini ad parochos by the Council 
of Trent, printed by Coloniae in the year 1567. Under a 
paper paste-down, a piece of paper pasted to the inside of 
the cover, a large fragment is slightly visible under raking 
light. The third case study (617 F 19) is a copy of Caspar 
Bartholin’s Cum plurimis novis observationibus opin-
ionibus & controversiarum occurrentium decisionibus 
adjecto indice capitum & rerum locupletissimo, printed 
by Goslar in the year 1632. It contains a fragment under 
the parchment bookbinding. From the outside the frag-
ment is not exposed, but opening the book reveals the far 
edge of the fragment. Green and red decorations are still 
visible. The last case study is the famous “Leiden Palimp-
sest” (BPG 60 A). This is a copy from the second half of 
the tenth century of all the seven tragedies by Sophocles 
with lacunes [10]. This palimpsest is the oldest medieval 
witness of the tragedies of Sophocles and belongs to a 
traditional branch known only from the twin manuscript 
now held in Florence, Biblioteca Medicea Laurenziana 
(Laur. 32, 9). However, the layer of parchment contain-
ing the Sophoclean text has been scraped off in order to 
recycle the leaves. A newer text that contains the works 
of Anastasios Sinaites, Sophronian patriarch of Jerusa-
lem, and an unpublished treatise On faith by St. Gregory 
has been written across the traces of the Sophoclean text 
at the beginning of the 14th century. The Sophoclean text 
is only vaguely visible in the margins.
Methods
To collect the data maps, a mobile MA-XRF scanner 
(Bruker M6 Jetstream) was used. The M6 has a measur-
ing head that moves over the surface in an XY-motorized 
stage with a minimum step size of 10 μm and maximum 
travel range of 800 × 600 mm (w × h). Mounted on the 
measuring head are a Rh-target X-ray tube (30 W, maxi-
mum voltage 50 kV, maximum current 0.6 mA) and a 
30 mm2 XFlash silicon drift detector (energy resolution 
<145 eV at Mn–Ka) together with two magnifying optical 
cameras to document the mapped area. The X-ray beam 
converges in the focal point, at which the minimum beam 
diameter is c. 40 μm. The beam diameter can be regu-
lated by adjusting the distance between the X-ray source 
and the surface [11]. Figure 2 shows a picture of the set-
up and a schematic representation of the minimum beam 
diameter that varies with the distance between the X-ray 
source and the object. To achieve optimally focused 
scans, the distance between the books and the scanning 
head was adjusted to minimize the beam diameter (c. 40 
μm). All case studies were scanned at an X-ray tube volt-
age of 50 kV and current of 0.6 mA. The scan settings are 
shown in Table 1.
The data was collected with the Bruker M6 Jetstream 
software package. Processing of the large XRF data sets 
was done using datamuncher and PyMca in order to 
obtain artefact-free elemental distribution maps [12]. In 
PyMca the statistics-sensitive non-linear iterative peak-
clipping (SNIP) was chosen as background estimation. 
The corrected distribution maps were exported to Adobe 
Photoshop for brightness/contrast manipulation. A few 
words or lines of the visualized texts were entered in 
Google Books to identify the text. The scripts were dated 
by Erik Kwakkel.
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Results
Case study 1—635 G 5
The back cover of this sixteenth-century book is covered 
by a black paint that obscures most of the underlying 
script. The MA-XRF distribution maps reveal not only 
this script, but also other written layers (Fig. 3).
The calcium distribution clearly shows a script divided 
into two columns. This is a book script from the first half 
of the twelfth century. A clue to this date is provided by 
the presentation of letter pair bb (“sabbato” in column 
2, line 7), which is still presented separately (Fig. 4a, b). 
From c. 1150 this pair would be written as one entity 
without space, a process called fusion or biting, which 
is visualized in Fig. 4d [13]. The biting process of the let-
ter pairs bb/pp is illustrated by the two excerpts (Fig. 4c). 
The letter pair bb occurs less frequently in medieval texts 
than the letter pair pp, hence Fig. 4c shows the letter pair 
pp.
The text in the calcium map includes an excerpt of the 
Homiliae by the Venerable Bede (died in 735), a sermon 
titled In vigilia paschae. Surprisingly, the ink used in 
this script contains almost no iron. What the iron distri-
bution does show is a cursive script from the sixteenth 
century that does not follow the shape of two columns. 
Furthermore, the mercury distribution map reveals para-
graph marks, initials and isolated words from the four-
teenth century, most probably written in red ink. The 
penetrative character of mercury causes these signs to 
be visible throughout multiple pages of the book. This 
is the reason why at first sight these characters are ran-
domly distributed (see "Depth" section). Finally, the lead 
distribution quite clearly shows the lines that were drawn 
with a pencil lead to indicate the writing lines to guide 
the handwriting.
Case study 2—603 G 11
This case study from the sixteenth century contains a 
rather large fragment under an endpaper that is pasted 
down to the inside of the cover. The calcium and iron distri-
bution maps show a fifteenth-century page from a calender 
(Fig. 5). This date is indicated for example by the letters a, 
e and o. The mercury distribution map reveals, along with 
Fig. 1 The four case studies. Scanned areas are indicated with red dashed lines. 635 G 5 (1a) and close-up with script visible (1b). Scanned area of 
603 G 11 under paper (2a) and close-up with script visible (2b). 617 F 19 (3a) with fragment containing red and green ink visible inside the book 
(3b). Two pages of the BPG 60 A (4a). Courtesy of the Leiden University Libraries
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paragraph marks and some isolated words, the word “decol-
latio”, which means beheading, suggesting that the mercury 
script is a fifteenth-century calender. Calenders were often 
added to books of hours and other liturgical and devotional 
texts to help celebrate medieval saints [14]. In this case, 
“decollatio” most probably refers to the beheading of John 
the Baptist (celebrated on the 24th of June). This liturgical 
calender is from the same book as the iron and calcium dis-
tribution map, only from a different page. The same hand in 
the handwriting can be recognized.
Depth
In the three scans in Fig.  5 a transition from a super-
ficial picture to a more in-depth picture is visible. The 
calcium map shows only the front side of the fragment, 
because the fluorescence lines of calcium are relatively 
weak [3.691 keV (Kα1) and 4.012 keV (Kβ1)]. This means 
that the fluorescence of calcium in depth is too weak 
to penetrate the surrounding parchment. Iron fluores-
cence, however, has higher energy [6.403 keV (Kα1) and 













Fig. 2 Representation of scanning set-up. Left picture of the set-up with the scanning head and the object. Right schematic representation of the 
minimum beam diameter in μm and the distance between the X-ray source and the object in mm. Values are based on measurements by Alfeld 
et al. [11]
Table 1 Scan settings of the four case studies
Tube settings were constant (0.6 mA and 50 kV)
Case study Covering material Step size (μm) Dwell time (ms) Approximate scan time (h)
635 G 5 Black paint 200 150 16
603 G 11 Paper 100 150 21
617 F 19 Parchment 150 150 6
BPG 60 A No covering material 80 450 66
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layers of parchment. This results in overlap of text from 
the front and the backside (recto and verso) of the frag-
ment, which decreases the readability of the text. In 
theory the backside of the fragment could be retrieved 
by a series of steps including the creation of a binary 
mask and subtraction. This problem has been encoun-
tered before and image processing techniques such as 
the pseudo-color technique were employed to enhance 
readability, but this is outside the scope of this arti-
cle [15]. Even more penetrating than iron is the much 
heavier mercury [9.987 keV (Lα1) and 11.823 keV (Lβ1)]. 
This is the reason why the mercury distribution map 
reveals more layers that are hidden inside this book 
cover. Multiple paragraph marks are visible that seem 
randomly distributed across the fragment, because they 
correspond to different layers. We also see some words 
that are rotated 90° relative to the word “decollatio”. 
In short, looking at fluorescence lines with increas-
ing energy provides us with an in-depth profile of the 
fragment.
Fig. 3 Corrected calcium, iron, mercury L-lines and lead L-lines distribution maps of case study 1, 635 G 5
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Case study 3—617 F 19
In this case study a thin strip of manuscript is used as a 
reinforcement in the parchment bookbinding of an early-
modern printed book. From the inside of the book the far 
edge of the fragment is visible and two colors are distin-
guishable: red and green, as seen in Fig. 1.
The iron distribution map in Fig.  6 clearly shows the 
handwritten text and even though the text overlaps 
slightly with text from the backside of the fragment it 
can still be easily read: “Mijn mond sal voertkundigen 
dijn lof. [G]od wilt dencke[n]”, which translates into: “My 
mouth shall proclaim your praise. God may you think 
Fig. 4 Biting or fusion process. Calcium distribution map of 635 G 5 (a) with the letter pair bb in the word “sabbato” in the red box (b). The graph 
by Erik Kwakkel (d) shows the process of fusion or biting of the letter pairs bb/pp in yellow. [13] The two examples (c) show the biting process of 
the letter pair pp, written separately on the left (Lucretius, De rerum natura, ninth century) and written as one entity on the right (Eusebius-Sigebert, 
Chronicon, second half of the twelfth century)
Fig. 5 Corrected calcium, iron and mercury L-lines distribution maps of case study 2, 603 G 11
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of me.” The text is a Book of Hours translated by Geert 
Grote (died in 1384) to Middle Dutch in the third quarter 
of the fourteenth century [16]. This fragment is from c. 
1400 and therefore a remainder of a relatively early man-
uscript. This date is indicated for example by the shape 
of the letter a, g and w. Geert Grote is well known as the 
founder of the Devotio Moderna, a religious movement 
[17]. The letter G of the word “God” is not visible in the 
iron map, but it appears in the mercury distribution map 
as a decorated initial. The copper distribution map shows 
that the ink contains some traces of copper and some 
sort of decoration is visible, comparable to the mercury 
map. Copper corresponds most probably with the green 
ink seen on the fragment, since green pigments are often 
copper-based [18]. Based on these observations, we have 
made a tentative color reconstruction, combining the sig-
nals of mercury (red), iron (brown) and copper (greenish 
blue) on a whitish background. Color values and ratios 
were attributed manually with image processing soft-
ware. The reconstruction visualizes both the handwriting 
along with the decorative initial to the left of the text. The 
color reconstruction is placed next to the far edge of the 
fragment that is visible when the book is opened (Fig. 7). 
Case study 4—BPG 60 A
Figure  8 shows the thirteenth-century upper text and the 
Sophoclean lower text from the tenth century separately 
visualized based on their chemical composition. In the iron 
distribution map only the upper text is visible, again difficult 
to decipher because of the overlap of the recto and verso 
of the manuscript. The calcium distribution map shows 
only the Sophoclean text clearly and without overlap. It is 
possible to recognize the end of Oedipus Tyrannus v. 462 
 and v. 468 , the final line of the 
scholium on v. 463  and the 
scholium on v. 472 . The potas-
sium distribution map is shown as a comparison, because 
both the upper and lower text are visible.
Discussion
The four case studies have successfully demonstrated the 
potential of the MA-XRF technique to visualize hidden 
fragments. We have been able to produce elemental maps 
with sufficient resolution to read the texts. The paint in 
the first case study, paper in the second case study and 
parchment bookbinding in the third case study did not 
interfere significantly with the X-rays and we can see 
clearly through these materials. We have tried to scan a 
book with a leather binding, but we could not get a leg-
ible picture, because the X-rays were blocked completely 
by the leather. MA-XRF scanning of the palimpsest pro-
vides a very clear picture of the lower text and it enables 
scholars to read the text better than with the use of a UV 
lamp, the traditional technique in these cases. The digi-
tization of the manuscript with the use of XRF would be 
the best solution in order to preserve the codex and allow 
for more accurate collations of the Sophoclean text.
We have encountered two main problems in the cur-
rent set-up. First of all, as mentioned in the methods, the 
focus of the X-ray beam varies with the distance between 
the X-ray source and the object. Even though we have 
experience with scanning paintings, the focus of the 
beam turned out to be more problematic than expected. 
Neither the book spine, nor the hidden fragment has a 
straight surface and since we are dealing with small let-
ters and a desire for high resolution images, the focus of 
the beam becomes an issue (Fig. 9). The X-ray source and 
detector are mounted on the scanning head that moves 
in the XY plane. In the current set-up the movement in 
the Z direction is not accurate enough to adjust the dis-
tance during the scanning. Even if this was the case, the 
fragment is hidden, so we do not know in what way to 
Fig. 6 Corrected iron, mercury L-lines and copper distribution maps 
of case study 3, 617 F 19
Fig. 7 Tentative color reconstruction of case study 3 (617 F 19). 
Signals of Hg (red), Fe (brown) and Cu (blue) are combined on a white 
background. Color values and ratios were attributed manually with 
image processing software. On the left is the far edge of the cor-
responding fragment
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adjust the distance in the Z direction. For all the scanned 
books it took a few tries to find the optimal distance at 
which most of the fragment was in focus.
The other main limitation of the current set-up is the 
scanning time. To visualize text and at the same time 
penetrate material like parchment a small step size and 
a long dwell time is required. These two requirements 
result in a very long scanning time, anywhere between 
6 and 66 h per bookbinding. In order to use this tech-
nique to scan books in a systematic manner, the scan-
ning speed needs to increase drastically. One way to 
achieve this is by replacing the current Rh-target X-ray 
source with a more intense source that produces sub-
stantially more X-ray photons per second. While mod-
ern synchrotron facilities can produce highly intense 
X-ray beams of any desired energy, access to these facil-
ities is usually subject to a strict refereeing and selection 
process, and—even when beamtime is allotted—lim-
ited to several days only. For systematic scanning of 
bookbindings, ample availability of synchrotron-order 
X-ray intensity is required. Several ‘table-top’ initiatives 
have been proposed, of which a set-up based on inverse 
Compton scattering between a relativistic electron and 
a laser pulse now seems to be technically feasible [19]. 
Provided sufficient funding will become available, the 
intensity would approach that of a bending magnet 
synchrotron beam and surpass it in the high-energy 
range relevant for elemental analysis. The Dutch ini-
tiative Smart*Light could likely produce high-intensity 
X-rays based on inverse Compton scattering within 5 
years from now [20]. Considering that four examples 
of limited size but substantial historical interest have 
been reported in this paper, a revolution in manuscript 
research can be foreseen once intense table-top X-ray 
sources become available at universities and research 
labs. It will be essential, however, to study the effect of 
an intense X-ray beam on materials such as paper and 
parchment.
Fig. 8 Corrected iron, calcium and potassium distribution maps of case study 4, BPG 60 A
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Conclusion
MA-XRF scanning has large potential to visualize 
hidden fragments of medieval manuscripts in early-
modern books in such a way that we can read, date 
and localize them. The XRF scanning technique is 
very suitable for detecting the (trace) metals in medi-
eval inks, while the materials that cover the fragments 
such as paper and parchment do not block the X-rays. 
Although we have only shown four case studies in this 
paper, we already have found texts with substantial his-
torical value such as a 12th-century excerpt of a text by 
the Venerable Bede and a fragment of a very early Book 
of Hours from 1400. In addition, we have successfully 
used the MA-XRF technique to separate the upper and 
lower text of the famous Leiden palimpsest. Based on 
this study, we expect that in the near future MA-XRF 
scanning will enable book historians to systematically 
investigate fragments and ultimately uncover this hid-
den library.
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